Introduction
Emerging flexible electronics technologies are very attractive for many applications such as healthcare, internet of things, wearable devices etc. Recently, many innovative flexible electronic devices have been developed such as flexible batteries 1 , flexible organic flash memory 2 , electronic skin 3 , flexible sensor array 4 , flexible surface acoustic wave and film bulk acoustic resonators 5 etc. The flexibility of devices is largely determined by the properties of the substrate material. Depending on application, many kinds of flexible substrates have been explored. Among them, polymers such as polyethylene terephthalate (PET), polyimide (PI) and polymethyl methacrylate (PMMA) etc are the most popular ones and have been intensively investigated for flexible electronics applications [5] [6] [7] . Polymers can endure extremely large strains, but suffer from the shortages of low transparency, poor thermal stability, poor mechanical strength and reliability etc. Glass substrates have excellent transparency and mechanical strength, but the low flexibility of normal rigid glass substrates limits their applications in flexible electronics. The recently developed ultrathin flexible
Corning® Willow Glass has the combined merits of good flexibility, high transparency, excellent corrosion and wear resistance, mechanical reliability and thermal stability, thus has raised great interests for the fabrication of flexible electronic devices [8] [9] [10] [11] [12] [13] .
Surface acoustic wave (SAW) devices are widely used in modern electronics and sensing.
Sensors based on SAW devices attract increasing interests in research and for commercial applications. SAW sensors can be used in various areas to monitor environmental changes such as temperature, pressure 14 Here we report further investigation on the effects of zinc oxide (ZnO) piezoelectric layer thickness, annealing temperature and strain alignment angle on the properties of the flexible glass-based SAW strain sensors. It shows that the strain sensor has the best sensitivity when the strain angle is ~45° with the SAW propagation direction. The sensors with a thicker ZnO layer, being annealed at 200 °C have better performance.
Modeling of SAW strain sensor
For SAW-based strain sensors, frequency shift is normally utilized to assess the strain applied. The strain-induced frequency shift has two components: (1) the deformation of interdigitated transducers (IDTs) which leads to change of the wavelength; and (2) the change of acoustic velocity of the materials involved due to the applied stress. These two effects can be considered independently, and the overall sensitivity of the strain sensors can be calculated by combining these two effects together.
IDT deformation induced wavelength change
Figure 1(a) shows the schematic of our SAW strain sensors. The angle between the SAW propagation direction and applied strain direction is defined as θ as indicated in Figure 1 (a).
Although a stress applied perpendicular to the SAW propagation will induce a deformation of the device along the SAW propagation direction as well, as determined by the Poisson constant, it is minor, therefore for simplicity, only the component of the strain along the SAW propagation direction is considered to influence the wavelength of the device. The sensitivity (S w ) induced by wavelength change can be defined as follows,
where f a , f b is the resonant frequency after and before applying strain, λ a , λ b the SAW wavelength after and before applying strain, ε, v the applied strain and acoustic velocity, respectively. μ is a constant with a value of 10 -6 . 
Strain-induced velocity change
The velocity change under applied stress could be calculated by a modified form of equations of motion which consider the perturbation of applied strain 21 . In a stressed piezoelectric medium, the equations are,
and , − , = 0
Where ik is the initial stress, ρ the mass density, u the mechanical displacement, and φ the electric potential, c ijkl the elastic stiffness tensor, e ijk the piezoelectric tensor and ij the dielectric tensor. The subscripts i, j, k, l take the value of 1, 2 and 3, referred to the coordinate system as shown in Figure 1 (b). The substrate material is approximated for a half space as its thickness (~100 μm) is much larger than the thickness (h) of the piezoelectric layer (< 3.5 μm). x 1 represents the direction of SAW propagation.
A solution for the SAW displacement vector is a linear combination of fundamental solutions of the form 22 , which have a positive imaginary part, are meaningful because of the attenuation of the acoustic wave in the substrate. Then the complete solution is given by,
for the piezoelectric layer, and
for the substrate.
The boundary conditions are as follow 23 ,
(1) Continuity of particle displacement and electric potential at the interface between the thin piezoelectric layer and the substrate.
(2) Continuity of normal stress and electric displacement components at the interface between the thin piezoelectric layer and the substrate. The applied strain not only modifies the equation of motion, but also perturbs the material constants. There are three main independent perturbed material constants influencing the acoustic velocity under stress 24 , which are the initial stress ( ij ), material elastic constants (c ijkl ), and material density (ρ). The original parameters were substituted with these changed ones to calculate the velocity change under different strains and applied angles.
The sensitivity (S v ) induced by velocity change can be calculated using the fractional change in velocity ( − ) calculated above,
Experimental
A 100 μm thick ultrathin Willow Glass substrate was used for the fabrication of SAW strain sensors. The ZnO piezoelectric thin films were deposited on the glass substrates using a direct-current (DC) reactive magnetron sputtering with a Zn target (purity of 99.99%). The 
Results and discussion

Angle, thickness, annealing-temperature dependence of sensitivity
The sensitivity of a SAW strain sensor changes when the angle of the applied strain with the SAW propagation varies, and this has been demonstrated by Donohoe et al for the SAW strain sensors on AT-X quartz 16 . As shown in Figure 1 (a), any strain ε applied to the SAW can be divided into two parts, ε x (perpendicular to the direction of SAW propagation) and ε y (parallel to the direction of SAW propagation). It is the ε x and ε y strains that change the material constants ( ij , E, c ijkl , ρ, λ), and affect the sensitivity of the SAW strain sensors. The improvement is 38.6 % and 58.2 % respectively. The large improvement of the sensitivity is attributed to the better crystallization of ZnO after annealing, as discussed in our previous work 8 . The results demonstrate that the ultrathin glass substrate has the advantages for some flexible applications owing to the good thermal stability. The relationship between the resonant frequency shift and strain shows a good linearity which is one of very important factors for sensing applications. 
Reliability of the SAW strain sensor
Environmental temperature affects the performance of sensors, therefore it is necessary to investigate the temperature influence to the SAW strain sensors. The temperature coefficient of frequency (TCF) is defined as temperature which is an excellent property for practical applications. Besides, the TCF of ultrathin glass based devices is much smaller than that of the ones on PI substrates (~400 ppm/K) as reported in our previous work 6 . The relatively low TCF is even better than many SAW sensors on solid substrates 26 , indicating that our devices can be used in environment with varying temperature, thus it can play a better role for sensor applications. A cyclic bending test was carried out to assess the mechanical reliability of the SAW strain sensor (λ = 20 μm, the thickness of ZnO is 2.7 μm, sensitivity ~110.8 Hz/με). Detection limit is also one of the key issues for sensor applications. For SAW strain sensors, the upper detection limit depends on the mechanical strength of the ZnO and glass substrate which is about 3000 με (~ 5 times larger than others), reported in our previous publication 8 . We believe that the resonant frequency jittering of a SAW device is the main factor which determines the low limit of the SAW strain sensors. We have measured the resonant frequency jittering of the SAW strain sensor of 16 μm wavelength and 99.3 Hz/με sensitivity for a period of 30 min. The largest resonant frequency jittering range is 2.24 kHz, which corresponds to 22.6 με by dividing the obtained sensitivity. The applied strain must be larger than that for a clear detection, implying the low detection limit of this type of SAW strain sensor is ~22.6 με. If a proper data smoothing method is utilized, the low detection limit could be further improved, and it is under investigation.
Conclusions
Surface acoustic wave strain sensors based on ZnO/ultra-thin glass have been developed. 
